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PREFACE 


The  work  described  in  this  report  was  authorized  under  Contract  No.  DAAA15- 
86-K-0023.  This  work  was  started  in  June  1986  and  completed  in  April  1992. 

The  use  of  trade  or  manufacturers’  names  in  this  report  does  not  constitute  an 
official  endorsement  of  any  commercial  products.  This  report  may  not  be  cited  for  purposes 
of  advertisement. 

This  report  has  been  approved  for  public  release.  Registered  users  should 
request  additional  copies  from  the  Defense  Technical  Information  Center;  unregistered  users 
should  direct  such  requests  to  the  National  Technical  Information  Service. 
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SCATTERING  AND  DEPOLARIZATION 
BY  IRREGULAR  LAYERED  MEDIA  FULL  WAVE  SOLUTIONS 


1  Introduction  and  Overview 

Rigorous  closed  form  solutions  for  the  reflection  and  transmission  of  electromagnetic  waves  have 
been  derived  for  multilayered  dielectric  structures  of  uniform  thickness.  However,  in  a  large  variety 
of  pertinent  radio  wave  propagation  problems  the  thickness  of  the  layers  are  nonuniform  and  the 
height  of  the  interface  between  two  adjacent  dielectric  layers  is  a  random  function.  In  these  cases 
the  incident  waves  are  depolarized  and  scattered  into  both  propagating  and  evanescent  waves. 
Furthermore,  an  incident  plane  w^ave  may  be  coupled  into  guided  surface  waves  and  lateral  waves 
of  the  structure. 

Often  the  problem  that  is  actually  solved  is  a  highly  idealized  version  of  the  original  problem  and 
concepts  such  as  “effective  dielectric  coefficient"'  and  “effective  surface  impedance*"  are  introduced 
in  order  to  make  the  solution  of  the  original  problem  more  tractable.  How'ever,  the  validity  of 
such  approximations  is  very  limited  and  often  questionable  and  they  do  not  necessarily  satisfy 
reciprocity. 

Using  a  full  wave  approach,  it  is  possible  to  analyze  more  realistic  models  of  the  original  physical 
structure  without  introducing  simplifying  approximations  that  cannot  be  justified  a  priori.  The  full 
wave  approach  is  based  on  the  expansion  of  the  electromagnetic  fields  into  a  complete  spectrum  of 
vertically  and  horizontally  polarized  (propagating  and  evanescent)  waves  that  include  the  radiation 
term,  the  lateral  wave  and  the  guided  (surface)  waves  of  the  structure.  Exact  boundary  conditions 
are  imposed  at  each  irregular  interface  of  the  structure  and  Maxwell's  equations  are  converted  into 
a  rigorous  set  of  coupled  telegraphists’  equations.  To  this  end,  precise  mathematical  procedures  are 
followed  and  term  by  term  differentiation  of  nonuniform  convergent  series  is  avoided.  The  coupled 
telegraphists’  equations  provide  solutions  for  the  forward  and  backward  traveling  complex  wave 
amplitudes  that  are  related  to  the  electric  and  magnetic  field  transforms.  Thus,  both  near  field  and 
far-field  solutions  can  be  evaluated.  The  far  fields  scattered  by  the  irregular  layered  structure  can 
be  evaluated  in  closed  form  in  terms  of  the  field  transforms  by  using  steepest  descent  techniques. 
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2  Research  Objectives 


1.  Determine  the  full  wave  like  and  cross  polarized  fields  scattered  by  irregular  layered  struc¬ 
tures. 

2.  Determine  the  full  wave  like  and  cross  polarized  differential  scattering  cross  sections  for 
irregular  layered  structures. 

3.  Determine  realistic  physical  models  of  the  nonspecular  reflection  and  transmission  scatter¬ 
ing  phenomena  in  layered  media.  The  objective  of  this  phase  of  the  work  is  to  synthesize 
scattering  in  complex  stratified  media  from  fundamental  scattering  matrix  components. 

4.  Examine  the  effects  of  random  rough  interfaces  with  different  surface  height  spectral  density 
functions  on  the  scattered  fields. 

5.  Examine  the  effects  of  varying  the  complex  permittivity,  permeability  and  thickness  of  an 
intermediate  layer  in  the  stratified  medium. 

6.  Examine  the  suitability  of  using  the  “effective  dielectric  coefficient”  and  “effective  surface 
impedance”  approximations. 

7.  One  of  the  principal  objectives  of  this  research  program  is  to  coordinate  with  researchers 
at  the  laboratory  facilities  of  the  Chemical  Research  Development  and  Engineering  Center 
(CRDEC)  a  series  of  experiments  that  are  driven  by  the  analytical  results  based  on  the  full 
wave  approach. 

8.  A  second  major  objective  of  these  investigations  is  to  develop  computer  codes  to  evaluate  the 
like  and  cross  polarized  scattered  fields  and  cross  sections  using  the  full  wave  approach. 

In  addition  to  Progress  Reports,  the  Scientific  Program  Officers  were  provided  with  preprints/reprints 
of  Publications  (see  Section  3)  and  the  computer  programs  were  loaded  on  CRD  EC’s  computer  at 
the  Aberdeen  Proving  Grounds. 
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OUTLINE  OF  RESEARCH  FIKDIHGS 

The  electromagnetic  fields  scattered  hy  irregular  stratified  media 
consisting  of  three  layers  characterized  by  complex  permittivities  and 
permeabilities  {n=0,l,2)  (see  Fig.  l)  vere  derived. .  The  interface 
between  media  0  and  1  is  the  planar  surface  y=0  while  the  interface 
between  media  1  and  2  is  the  rough  surface  y=h{x)  where  h(x)  is  either  a 
deterministic  or  random  function  of  the  variable  x.  The  electromagnetic 
sources  are  assumed  to  be  magnetic  or  electric  line  so;irces  and 
parallel  to  the  z  axis.  These  sources  excite  vertically  (V),  and  horizontally 
(S)  polarized  waves  respectively  with  respect  to  the  interface  y=0. 

The  line  sources  are  assumed  to  be  at  large  distancesfrom  the  surface  y=0, 

thus  the  incident  waves  are  assumed  to  be  plane  waves  inthe  direction 

n^,  =  Sin6^  a  -  Cos9^  a  =  a„  -  a  .  (l) 

ox  oyoXoy 

Complex  time  harmonic  excitations  expCitJt)  are  assumed  throughout  this  work. 
Since  this  problem  is  two  dimensional,  the  direction  of  the  scattered  waves  is 
given  by 

n^  =  Sin0^  a^  t‘Cos6^  a  =  a„  +  a  .  (2) 

•  ox  .  oy  ox  oy 

The  approximate  surface  impedance  (admittaLnce  Y^)  is  also  used  to 
characterize  the  medium  y  <  h(x)  and  the  expressions  for  the  scattered 
fields  are  compared  with  the  corresponding  expressions  for  the  three  media 
problem. 

The  observation  point  (x,y)  is  assumed  to  be  very  far  from  the  surface 
y=0  (kQ(x2+y2)'S  =  »  i)^  therefore  only  the  scattered  radiation  fields 

are  considered  in  this  work. 

The  electric  (e)  and  magnetic  (m)  z  directed  line  source  J£  of  intensity 
l£(£=e,m)  can  be  expressed  as  follows  in  terms  of  the  Dirac  delta  functions 

5  ( • ) ; 

=  I;^<5(x-x^)  (y-y^)i^  (3) 

in  which  k  (x  .  +  y)^  =  kp  »1. 

0  0.-  o  o  o 

Using  the  full  wave'  approach,  it  can  be  shown  that  the  scattered  vertically 
(V)  and  horizontally  (B)  polarized  waves  can  be  expressed  in  terms  of  their 
z  directed  magnetic  and  electric  fields  respectively  (Bahar  1973a,b). 

The  .corresponding  scattered  electric  and  magnetic  fields  are 

E^^  =  n  H?"  i  X  =  5^  X  E^  i  /n  (h) 

o  z  z  z  z  o  ^  ' 

in  which 

\  (n=0,l,2)  (5) 

is  the  intrinsic  impedance  for  medium  n.  The  z  component  of  the  scattered 
fields  can  be  expressed  as  follows  in  matrix  form 

S  (6) 
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(7) 


vhere  the  coefficient  G  is 

o 


in  which 


p  )^exp(iTrA)exp(-ik^p) 


k  =  U3(y  e  )'^ 
n  ^n  n 


is  the  vaven'umher  for  medium  n=0jlj2. 


(3) 


The  amplitude  of  the  incident  z  directed  magnetic  or  electric  field 
at  the  origin  is 

-  )^exp(iiTA)exrp(-k  o^)»  ]  (9) 


2  '27rk  p 
0*^0 


o  o 


we  I 
o  m 


coy  I 
•  o  e 


in  which  G^ 


is  the  element  of  the  2x1.  column  matrix 


(10) 


Similarly,  G  is  a  2x1  column  matrix  with  elements  G^  eq.ual  to  the  z  component 
of  the  scattered  magnetic  and  electric  fields 


(11) 


The  elements  of  the  scattering  matrix  S  are  S  ^(2,0=7  or  E).  In  view  of  the 
two  dimensional  nature  of  the  problem,-  the  scattered  waves  are  not  depolarized 
and 


(12) 


and  S  is  a  diagonal  matrix 


The,  diagonal  terms  can  be  expressed  as  follows : 


(13) 


PP  PP 

grr  ^  grr^ 

oo  oo 


(11^) 


in  which  the  first  term  represents  scattering  due  to  the  interface  y=0 
only  and  the  double  summation  (over  p  and  q)  represents  multiple  scattering 
in  the  intermediate  layer  (O  >  y  >  h(x)  and  -L  <  x  <  L) . 


(15) 


°°  ’  1=0  *  +  cj) 

vhere  in  accordance  to  Snell’s  lav: 

k  =  k  SixiB^  =  k  and  k  =  k  SinS^  =  k  S'^ 


o  o 


n 


n  n 


o  o 


n 


n  no 


and 


=  [l-(S^)^]^  ,  cj  =  [l-(S^)^f^  ,  Iin(c^)  >  0,  Im(/)  >  0 

n,  n  n  n  n—  n- 

Furthermore 

I  =  J  exn[ik  (S^-S^)x]k. dx  =  2k  Lsinc  k  (S^-S^)l 
OOf^OOO  o  o  ooo 

^Ju  ,  , 

vhere  sinc(a)  =  siii(a)/a.  For  p  >  1  and  q  >  1 


(l6a) 

(l6t) 

(IT) 


3W(3f_3i,,  ^l=^»V'^l)=2=2  -  sfs^][l-(€,/C3)Htl-(P3/p^)l} 

F*3.  r i  f -n  /T^  \  1  Tn^j-n^ /»^ 


[C^  +  C2(Tl2/n^)][C^+C2(Tl2/T1i)JtCi  +  C^] 


and 


..  tH:,(6^)4(9^)rH<,(e^)B^(9^)l^-^[cHl 

f  r\ _  T  \n^  t  F  r\_  T  ^fnd 


(18) 


(2p-l)C^  +  (2q-l)c£ 

L  .  ■  . 

•  /  exp{ik^(S^-S^)x  +  ik^[(2p-l)C^  +(2q-l)cJ]h(x)}k^dx  (19) 

t-L 

V  V 

in  vhich  and  R^^  are  the  Fresnel  reflection  coefficients  for  vertically 

polarized  vaves  incident  from  mediimi  1  to  medium  0.  aucd  from  medixim  1  to  medium  2 
respectively.  The  transmission  coefficient  T^^  is  for  vertically  polarized  vaves 
incident  from  medium  0  to  medium  1.  When  the  approximate  impedance  boimdary 
condition  is  used  at  the  interface  y-h(x)  instead  of  the  exact  tvo  media  boundary 
cond.it ions  s'^  in  (l8)  is  given  by 


s"  iV  f  V  f 


(20) 


in  which  z  is  the  normalized  surface  imnedance 
s 

=  '’2/11 


(21) 


f  i 

For  scattering  in  the  specualr  direction  (6  =9  ) 
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(22) 


and 


s^{e^,e^)  =  2c^  rJjb-) 


s^y,eh  =  2cJ  Bl^(ehTjy)Tl(6\/r,^ 


(23) 


The  above  fizll  wave  solutions  for  the  scattered  radiation  fields  satisfy  the 
reciprocity  and  duality  relationships  in  electromagnetic  theory.  They  should 
not  he  confused  with  a  geometric  or  physical  optics  solution  to  the  problem 
Schlak  and  Wait  (1968).  The  corresponding  scattering  coefficients  for  the 
horizontally  polarized  waves  can  he  obtained  directly  for  the  above 
expressions  for  on  interchanging  the  permittivity  e  with  the  permeability  y 
and  the  surface  impedance  z^  with  its  reciprocal^surface  admittance  y^. 
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OUTLINE  OP  RESEAECH  FIKDIUGS- 


Computer  codes  vere  developed  to  evaluate  the  scattered  vertically  and 
horizontally  polarized  fields  for  irregular  layered  media  (See  Report  #1) 

Medixm  1  (O  >  y  >  h)  is  represented  hy  the  permittivity  of  a  thin  film  of 
liquid  vhile  medium  2  is  represented  .hy  the  permittivity  of  foilage  or  a  painted 
metal  surface.  Soth  the  solutions  for  the  three  media  problem  as  well  as  the 
solution  involving  the  approximate  impedance  boundary  condition  are  considered. 
The  convergence  of  the  series  expansion  of  the  solution  was  studied  for 
dissipative  and  non-dissipative  media.  Special  attention  is  given  to  the 
determination  of  the  effects  of  the  thin  liquid  film  covering  the  rough  surface 
of  the  substratum  y  >  h.  (See  Fig.  l). 

During  the  follo%d.ng  reporting  periods  the  following  analytical  and 
numerical  work,  will  be  done: 

(i)  Transformation  to  a  local .  coordinate  system  will  be  used  to  account  for 
the  slopes . of . the  rough  interface  y=h(x). 

(ii)  Special  consideration  will  be  given  to. random  rough  surfaces. 

(iii)  Solutions  for  the  coherent  and  incoherent  scattered  powers  will  be 
derived. 

(iv)  Additional  work  will  be  done  to  more  closely  represent  the  permittivities 
of  the  liquid  film  and  the  substratum. 

(v)  Generalization  of  the  analytical  resiilts  to  three  dimensional  scattering 
problems  including  depolarization:  (a)  Point  so^^•ces,  (b)  Three 
dimensional  Incident  and  scattered  wave  normals  n^  and  n^, 

(c)  Two  dimensionally  rough  surfaces  h(x,z). 
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(v)  "Use  of  the  Full  Wave  Approach  to  Demonstrate  the  Respective  Regions  of 
Validity  of  the  Perturbation,  Physical  Optics  and  Hybrid  Solutions  for 
Electromagnetic  Scattering  by  Random  Rough  Surfaces",’ submitted  for  review. 

(7*3)  Pa-pers- Aecepted  for  Publication 

(i)  "Computer  Aided  Graphics  for  Three  Dimensional  Objects  Based  on  Full  Wave 
Theory",  (with  S.  Chakrabarti)’  IFFF  Computer  Graphics  and^ Applications , 
in  press. 

(ii)  "Review  of  the  Full  Wave  Solutions  for  Rough  Surface  Scattering  and 
Depolarization  -  Comparisons  with  Geometric  and  Physical  Optics, 

Pertxnrbation  and  Two-Scale  Solutions",  Journal  of  Geophysical  Research, 
in  press . 

(j.h)  Papers.-^  Published  in  the'-Teehnical  Literat'ure  and  Submitted  with  This  Report 

(i)  "Scattering  and  Depolarization  by  Random  Rough  Surfaces,  Unified  Full  Wave 
Approach  -  An  Overview,"  Proceedings  of  the  International  Symposium  on 
Multiple  Scattering  of  Waves  in  Random  Media  and  Random  Rough  Surfaces , 

Editors  V.V.  Varadan  and  V.K.  Varadan,  pp.  715-733,  Pennsylvania  State 
University,  1987. 
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(Y^U)  Papers  Published  in  the  TechnicaJ.  Literature  and.  Submitted  vith  This  Renort,  cont 

(ii)  "Co-Polarized  and  Cross-Polarized  Incoherent  Specific  Intensities  for  Waves 
at  Ohlique  Incidence  Upon  Layers  of  Finitely  Conducting  Particles  of 
Irregular  Shape",  Journal  of  the  Optical  Society  of  America  A,  Vol. 
pp.  ^1-56,  January  19^7 . 

(iii)  "Application  of  Full  Wave  Theory  to  Computer  Aided  Geometric  Design" 

(■with  S.  Chahraharti ) ,  Proceedings  of  the  29th  Midwest  Symposium  on  Circuits 
fl'nd  Systpm<;,  Editor,  M.  Ismail,  pp.  911-915,  Worth  Holland,  WX  1987 • 
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OUTLINE  OF  RESEAECH  FIKDIRGS 

During  this  reporting  period  (January  1-March  31,  1987)  the  principal 
investigator  presented  tvo  papers  at  technical  meetings  and  submitted  five 
papers  to  professional/technical  journals  for  reviev.  Two  papers  were 
accepted  for  publication  and  three  papers  were  published  in  the  Professional/ 
Technical  literature  (see  Item  #7  and  enclosures). 

Additionail  work  was  done  on  the  development  of  computer  codes  to 
evaluate  the  vertically  and  horizontally  polarized  waves  scattered  by 
irregular  layered  media  (See  Report  #l).  These  codes  are  being  tested 
at  various  frequencies  of  excitations  for  both  dissipative  and  non-dissipative 
media.  Particular  attention  is  given  to  the  electrical  characteristics 
(complex  permittivity)  of  the  intermediate  layer  (medium  1,  see  Fig.  l)  at 
optical  and  infr^ed  frequencies.  The  effects  of  varying  the  thickness  of  this 
layer  are  also  of  special  interest. 

Progress  is  also  being  made  with  the  analytical  development  of  this 
research  project  as  described  in  the  Outline  of  Report  #2.  Thus,  the 
transformation  of  the  analytical  results  for  media  with  deterministic 
rough  interfaces  to  structures  with  random  rough  interfaces  is  being  carefully 
studied. 
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7.  LIST  OF  MANUSCRIPTS  SUBMTTED  OR  PUBLISHED  DURING  THIS  PERIOD,  INCLUDING 
JOURNAL  REFEREircES : 

(7.1)  Pa-pers  Presented  at  Technical  Meetings 

(i)  Spring  1937  Electromagnetic  Wave  Propagation  Panel  Specialist's  Meeting  on  Scattering  . 
and  Propagation  in  Random  Media  sponsored  by  Advisory  Group  for  Aerospace  Research 
and  Development  (NATO),  Rome,  Italy,  May  18-22,  1987,  "Multiple  Scattering  Effects 
of  Random  Distributions  of  Irregularly  Shaped  Particles  on  Infrared  and  Optical 
Propagation." 

(ii)  1987  IEEE  AP-S  International  Symposium  and  URSI  Radio  Science  Meeting,  Virginia 
Tech.,  Blacksburg,  Virginia,  June  15-19,  1987,  "Enhancement  of  Backscatter  from 
Random  Rough  Surfaces-Full  Wave  Solution." 

(iii)  1987  CRDEC  Scientific  Conference  on  Obscuration  and  Aerosol  Research,  Aberdeen, 

Maryland,  June  22-26,  I987.  "Backscatter  Enhancement  of  Infrared  and  Optical  Radiation 
from  Finitely  Conducting  Particles  with  Smooth  and  Very  Rough  Surfaces — First  Order 
and  Multiple  Scatter." 

(7*2)  Papers  Submitted  for  Review  by  Journal  Editors 

(i)  "Physical  Interpretation  of  the  Full  Wave  Solutions  for  the  Electromagnetic  Fields 
Scattered  from  Irregular  Stratified  Media,"  attached  to  this  report  and  submitted 
for  review. 

(7-3)  Papers  Accented  for  Publication 

(i)  "Comparison  of  Unified  Full-Wave  Solutions  for  Normal-Incidence  I'iicrowave  Backscatter 
from  Sea  with  Physical  Optics  and  Hybrid  Sllutions,"  with  D.  E.  Barrick  and 
M.  A.  Fitzwater,  International  Journal  of  Remote  Sensing,  in  press. 

(ii)  "Multiple  Scattering  Effects  of  Random  Distributions  of  Irregularly  Shaped  Particles 
on  Infrared  and  Optical  Propagation,"  with  M.  A.  Fitzwater,  Proceedings  of  the 
Advisory  Group  for  A.erospace  Research  and  Development  (NATO)  Spring  1987 
Electromagnetic  Wave  Propagation  Panel  Symposium  "Scattering  and  Propagation  in 
Random  Media,"  in  press. 

(iii)  "Full  Wave  Theory  and  Controlled  Optical  Experiments  for  Enhanced  Scattering  and 

Depolarization  by  Random  Rough  Surfaces,"  with  M.  A..  Fitzwater,  Optics  Communications, 
in  press . 

(7.^)  Papers  Published  in  the  Technical  Literature  and  Submitted  with  This  Report 

(i)  "Full  Wave  Theory  Applied  to  Corrouter  A.ided  Graphics  for  Three  Dimensional  Objects," 
(with  S.  Chakrabarti)  IEEE  Computer  Graphics  and  A.pplications ,  Special  Issue, 
Supercomputers  for  Graphics,  Vol.  7,  No.  7i  July  1987,  pp.  ^6-60. 

(ii)  "Review  of  the  Full  Wave  Solutions  for  Rough  Siirface  Scattering  and  Depolarization 
-  Comparisons  with  Geometric  and  Physical  Optics,  Perturbation  and  Two-rScale 
Solutions,"  Journal  of  Geophysical  Research,  Vol.  9-2,  No.  65,  pp,  5209-5221+, 

1-Iay  15,  1987. 
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OUTLINE  OF  HESEAFCH  FINDINGS 

During  this  reporting  period  (April  1  -  June  30,  1987),  the  principal 
investigator  presented  three  papers  at  technical  meetings  and  suhinitted  one 
paper  to  professional/technical  journals  for  review.  Three  papers  were 
accepted  for  publication  and  two  were  published  in  the  professional/technical 
literature  (see  Item  #7  and  enclosures). 

Significant  progress  has  been  made  on  the  physical  interpretation  of  the 
full  wave  solutions  for  the  electromagnetic  fields  scattered  from  irregular 
stratified  media.  The  full  wave  solutions  for  the  vertically  and  horizontally 
polarized  electromagnetic  fields  scattered  by  irregular  stratified  media  are 
expressed  in  terms  of  double  infinite  sums.  These  f\ill  wave  solutions  satisfy 
the  reciprocity  relationships  in  electromagnetic  theory.  The  physical 
interpretation  of  each  term  in  the  double  infinite  series  provides  insights 
into  the  nonspecular  scattering  phenomena  for  irregular  stratified  media.  It  is 
shown  that  n+1  different  terms  of  the  full  wave  expansion  replace  the  single 
nth  term  of  the  corresponding  geometric  optics  series  (see  Fig.  l) , 

For  scattering  in  the  specular  direction  these  n+1  terms  become  analytically 
indistinguishable  and  the  full  wave  solution  reduces  to  the  geometric  optics 
solution.  The  full  wave  solutions  are  also  consistent  with  Rice’s  perturbation 
solution  for  rough  surface  scattering  in  the  low  frequency  limit.  The  physical 
interpretation  of  the  full  wave  solutions  which  are  based  on  complete  spectral 
expansions  of  the  fields  could  be  used  to  construct  solutions  for  the  non¬ 
specular  ly  scattered  fields  in  complex  problems  involving  irregular  stratified 
media.  Details  of  this  work  are  presented  in  the  attached  manuscrint  (see 
Item  #7.2(i)  of  this  quarterly  report. 

For  irregular  stratified  media  it  is  necessary  to  consider  both  nonspecular 
reflection  from  rough  surfaces  as  well  as  nonspecular  transmission  across  rough 
surfaces.  Specular  transmission  (analogous  to  specular  reflection)  corresponds 
to  refraction  of  the  incident  wave  across  a  plane  interface  in  accordance  with 
Snell’s  law.  Progress  has  been  mads  in  obtaining  the  full  wave  solutions  for 
scattering  across  rough  interfaces.  Details  will  be  worked  out  during  the  next 
reporting  period  (July  1  -  September  30,  1987). 
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7.  LIST  OF  MAUUSCRIPTS  SUBMITTED  OR  PUBLISHED  DURIEG  THIS  PERIOD,  a'CLUDIBG 
JOURNAL  REFERENCES : 

(7.1)  Papers  Presented  at  Technical  Meetings 

(i)  XXIInd  General  Assecibly  of  the  International  Union  of  Radio  Science,  Tel 
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reviev. 

(ii)  "Full  Wave  Physical  Models  of  Nonspecular  Scattering  in  Irregular 
Stratified  Media,"  vith  M.  A.  Fitzvater,  submitted  for  reviev. 

(iii)  "Backscatter  Enhancement  of  Infrared  and  Optical  Radiation  from  Finitely 

Conducting  Particles  vith  Smooth  and  Very  Rough  Surfaces  -  First  Order  and 
Multiple  Scatter,"  vith  M.  A.  Fitzvater,  Proceedings  of  the  1987  Scientific 
Conference  on  Obscuration  and  Aerosol  Research. 

(iv)  "Unified  Full  Wave  A.pproach  .Applied  to  Scattering  and  Depolarization  by 
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Distributions  of  Finitely  Conducting  Particles  vith  Rough  Surfaces,"  vith 
M.  A.  Fitzvater,  Journal  of  the  Optical  Society  of  America,- in  press. 

(7.^)  Papers  Published  in  the  Technical  Literature  and  Submitted  vith  This  Report 

(i)  "Full  Wave  Theory  and  Controlled  Optical  Experiments  for  Enhanced  Scattering 
and  Depolarization  by  Random  Rough  Surfaces,"  vith  M.  A.  Fitzvater,  Optics 
Communications ,  Vol.  63,  No.  6,  pp.  355-360,  Sept.  I987. 

(ii)  "Multiple  Scattering  Effects  of  Random  Distributions  of  Irregularly  Shaped 
Particles  on  Infrared  and  Optical  Propagation,"  vith  M.  A.  Fitzvater, 
Proceedings  of  the  A.dvisory  Group  for  .Aerospace  Research  and  Development 
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Outline  of  Eesearch  Findings 

During  the  reporting  period  (July  1  -  September  30,  I987),  the 
principal  investigator  presented  an  invited  paper  at  the  XXII  General 
Assembly  of  the  International  Union  of  Radio  Science  on  "Radar  Cross  Section 
of  Rough  Terrain  and  Vegetation  Covered  Terrain."  See  Item  (7.l)(i), 

The  principal  investigator  vas  an  official  U.S.  delegate  appointed  by  the 
U.S.  Rational  Research  Council. 

Four  technical/scientific  manuscripts  vere  prepared  and  submitted 
for  publication— see  Item  (7.2) (i)-(iv)  (preprint  of  Item  (7.2)(i)  enclosed). 

One  paper  vas  accepted  for  publication  by  the  Journal  of  the  Optical 
Society  of  .4merica-see  Item  (7.3)  (i). 

Two  papers  vere  published  in  the  professional/technical  literature — 

See  Item  (7.^)(i)  anJ  (  ii)  (reprints  enclosed). 

Electromagnetic  vaves  in  irregular  layered  media  are  scattered  upon 
reflection  as  veil  as  transmission  across  an  interface.  Full  wave  solutions 
vere  derived  for  the  nonspecular  diffuse  scattering  upon  transmission  across 
an  irregular  interface  between  two  media.  The  solutions  vere  shown  to 
agree  in  the  high  frequency  limit  with  the  physical  optics  solutions 
(based  on  the  Kirchhoff  approximations  of  the  surface  fields)  when  scattering 
is  primarily  near— specular.  It  also  agrees,  in  the'  lov  frequency  limit 
with  the  perturbation  solutions  when  the  root  mean  square  laeight  of  the 
rough  surfaces  is  small  coii5>ared  to  the  wavelength  of -the  electromagnetic 
wave  and  when  the  mean  square  slopes  of  the  rough  surfa:ce  are  small  compared 
to  unity.  The  full  wave  solutions  are  shown  to  satisfy  the  realizability, 
reciprocity  and  duality  relationships  in  electromagnetic  theory  and  they 
are  invariant  to  coordinate  transformations . 

Thus  using  the  full  wave  approach,  the  rough  surface  is  characterized  by 
a  (2x2)  differential  scattering  matrix  whose  elements  are  the  differential 
reflection  and  transmission  scattering  coefficients  for  an  elementary 
surface  elonent  when  the  excitation  is  from  above  or  below  the  siirface  element 
of  the  irregular  interface  (see  Fig.  l).  Details  of  this  work  are 
provided  in  the  attached  pre-print  Item  #(7.2)(i).' 

Significant  progress  is  also  being  made  on  scattering  upon  reflection 
and  transmission  in  irregular  stratified  media..  Details  will  be  presented 
in  Progress  Report  #6  (October  1-December  31  j  1987)- 

A  comprehensive  proposal  has  been  submitted  to  the  sponsor  of  this 
research  project  for  the  extension  of  the  current  contract  beyond  its 
current  expiration  date  in  September  1988. 
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Outline  of  Research  Findings 

During  the  reporting  period  (October  1  -  December  31,  1987),  the 
principal  investigator  prepared  tvo  papers  for  publication  and  reviev 
(preprint  of  Item  (7.2)  (ii),  enclosed).  One  paper  vas  accepted  for 
publication  in  the  Journal  of  Wave  Material  Interaction  -  see  Item  (7.3) 
(i)  and  one  paper  vas  published  in  the  professional/technical  literature 
(see  Item  (7-^)  (i),  reprint  enclosed).  The  principal  investigator 
yill  present  a  paper  on  "Backscatter  Enhancement  from  Sparsely  Distributed 
Large  Particles  vith  Rough  Surfaces"  at  the  International  Union  of  Radio 
Science  NRC  Meeting,  University  of  Colorado,  Boulder,  January  5-8,  1988. 

Significant  progress  has  been  made  on  scattering  upon  reflection 
and  transmission  in  irreg^ilar  stratified  media  (see  Fig.  l).  A  physical 
interpretation  is  given  to  each  term  in  the  full  vave  expansion  of  the 
vertically  or  hfirizontally  polarized  electromagnetic  fields  scattered  by 
irregular  stratified  media  (see  Fig.  5).  These  solutions  provide  a  basis 
for  the  construction  of  physical  models  of  nonspecular  scatter  in  complex 
irregxilar  layered  structures .  The  full  vave^  solutions  involve  a  pair  of 
nonspecular  reflection  scattering  coefficients  (F^^  and  F?2)  a  pair  of 
nonspecular  transmission  scattering  coefficients  and  F£^)that  reduce 

to  the  familiar  Fresnel  reflection  and  transmission  coefficients  for 
the  specular  case. 

For  the  special  case  of  parallel  stratified  media,  the  total  solution, 
expressed  in  terms  of  a  single  reflection  term,  tvo  infinite  sums  as 
veil  as  a  double  infinite  sum,  reduces  to  the  closed  form  solution  for 
reflection  of  electromagnetic,  vaves  from  uniform  layered  media.  The  full 
vave  solutions  are  shovn  to.  satisfy  the  reciprocity  and.  duality  relation¬ 
ships  in  electromagnet ic  .theory  and  they  are  invariant  to  coordinate 
transformations.  The  relationships  betveen  the  full. vave  solution  and 
the  high  freauency  physical  optics  solution  and  the  lov  frequency 
perturbation  solutions  are  ailso  demonstrated.  The  analysis  is  relevant 
to  problems  of  communication  in  irregular  stratified  media  and  to  problems 
of  remote  sensing. 
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JOURNAL  REFERENCES: 
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(i)  International  Union  of  Radio  Science  (UESi)  -  NEC  Meeting,  University 
of  Colorado,  Boulder,  Colorado,  January  5-8,  I988,  "Backscatter 
Enhancement  from  Sparsely  Distrihiited  Large  Particles  vith  Rough 
Surfaces.” 

(7.2)  Papers  Submitted  for  Reviev  hy  Journal  Editors 

(i)  "Depolarization  and  Backscatter  Enhancement  in  Light  Scattering  from 
Random  Rough  Surfaces — Theory  and  Experiment." 

(ii)  "Pull  Uave  Co-Polarized  Nonspecular  Transmission  and  Reflection 
Scattering  Matrix  Elements  for  Rough  Surfaces,"  -  Revised. 
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(i)  "Unified  Full  Wave  Approach  Applied  to  Scattering  and  Depolarization 
hy  Random  Rough  Surfaces— Am  Overviev,"  Journal  of  Wave  Material 
Interaction. 

{7.^)  Papers  Published  in  the  Technical  Literature  and  Submitted  vith  This  Report 

(i)  "Incoherent  Diffuse  Scattering  by  Irregular  Shaped  Particles  of 
Finite  Conductivity,"  Radio  Science.  Vol.  22,  No.  6,  pp.  889-898, 

November  1987 . 
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Outline  of  Besearch  Findings 

During  the  reporting  period  (January  1  -  March  31,  1988),  the  principal 
investigator  presented  a  paper  on  "Bachscatter  Enhancement  from  Sparsely 
Distributed  Large  Particles  vith  Rough  Siirfaces"  at  the  International 
Union  of  Radio  Science  HRC  Meeting  at  the  University  of  Colorado, 

Boulder,  January  5-^,  1988  (see  Item  7.1a).  Three  additional  papers 
vere  accepted  for.  presentation  at.  Scientific  Meetings  (see  Item  7. lb). 

The  principal  investigator  prepared  tvo  papers  for  publication  and 
reviev  (see  Item  7-2).  One  paper  vas  accepted  for  publication  (see  Item  7.3) 
and  one  paper  has  been  published  in  the  professional/technical  literature 
Csee  Item  7-^) . 

A  complete,  analytical,  solution  to  the  problem  of  electromagnetic 
propagation  in  irregular  (three)  layered  media  has  been  derived  in  terms 
of  integrals  over  the  nonplanar  interfaces, bet veen  the  different  layers 
of  the  propagation  media.  The  solutions  obtained  for  the  deterministic 
problem  is  currently  being  applied  to  problems  in  vhich  the  interfaces 
are  characterized  statistically  by  their  joint  surface  height  probability 
density  functions.  During  the  next  reporting  period  (July  1988),  a  nev 
graduate  student  vill  be  assigned  full  time  to  develop  computer  codes  to 
evaluate  the  radar  cross  sections  for  different  irregular. three  layered 
propagation  problems. 

During  this  summer  Mr.  Craig  Eerzinger,  a  University  of  Kebrasha- 
Lincoln  graduate,  vill  vork  vith  Dr.  A.  Carriers  on  the  inrolementation 
of  the  computer  codes  (supplied  by  our  research  group  to  CRDEC)  on 
their  superconputer.  In  the  future.,  ve  plan  to  netyork-^---  directly 
Cfrcm  Lincoln,  Nebraska),  vith  their  coaputer  facility. 
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"Scattering  and  Propagation  in  Random  Media,"  AGARD-CPP-419 ,  pp.  12-1,  12-15, 
May  1987. 
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Outline  of  Research  Findings 


During  the  reporting  period  (April  1  -  Jime  30,  1988),  the 
principal  investigator  presented  three  papers  at  Scientific/Technical 
Meetings  (see  .Item  7.1a).  Two  additional  papers  were  invited  for 
presentation  at  the  International  Working  Group  Meeting  on  Wave  Propagation 
in  Random  Media  (see  Item  T-lh).  Two  papers  were  submitted  for  review 
(see  Item  T.2)  and  two  papers  were  accepted  for  publication  in  Scientific/ 
Technical  Jourpals.  One  paper  on  Enhancement  of  Backscattered  Diffuse 
Specific  Intensities  has  been  published  in  the  Journal  of  the  Optical 
Society  of  America  (see  Item  7.^).  A  reprint  of  this  article  is  attached 
to  this  report. 

In  order  to  apply  the  full  wave  analysis  of  electromagnetic  scattering 
in  irregular  (three)  layered  media  to  three  dimensional  problems,  closed 
form  expressions  are  derived  for  the  co-  and  cross-polarized  transmission 
scattering  coefficients  at  a  rou^  interface.  Since  this  phase  of  the 
analysis  accounts  for  coupling  between  the  vertically  and  horizontally 
polarized  waves,  more  realistic  models  of  irregular  multilayered  media 
can  be  analyzed  using  the  full  wave  approach.  The  full  wave  approach  is 
shown  to  satisfy  the  duality  and  reciprocity  relations  in  electromagnetic 
theory.  This  analysis  can  be  used  to  evaluate  the  co-polarized  and  cross- 
polarized  scattering  cross  sections  as  well  as  all  the  elements  of  the 
Stokes  Matrix. 

Mr.  Craig  Herzinger,  a  University  of  Nebraska  Graduate,  is  currently 
working  with  Dr.  A.  Carriere  atthe  CRDEC  on  the  computation  of  the  Stokes 
Matrix  for  random  rough  surfaces.  The  resxilts  of  these  computations 
will  be  used  to  determine  the  elements  of  the  Stokes  Matrix  that  are  most 
sensitive  to  variations  in  the  rough  surfaces  parameters. 
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Distributions  of  Finitely  Conducting  Particles  with  Rough  Surfaces,"  with 
M.  A.  Fitzwater,  Journal  of  the  Optical  Society  of  America,  A,  Yol.  5, 
pp.  89-98,  Jan.  1988. 
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Outline  of  Research  Findings 

During  the  reporting  period  (July  1,  I988  -  September  30,  I988), 
the  principal  investigator  presented  tvo  (2)  papers  at  Scientific/Technical 
Meetings  (see  Item  7* la).  A  paper  on  nonspecular  transmission  and  reflection 
at  a  rough  interface  has  been  accepted  for  presentation  at  the  URSI 
Meeting  in  Boulder,  Colorado  (see  Item  7.1b).  One  paper  vas  submitted 
(item  7.2)  and  tvo  papers  were  accepted  for  publication  in  Scientific/Technical 
Journals  (Item  7*3).  Reprints  of  tvo  papers  that  were  published  in  the 
Journal  of  Wave-Material  Interaction  and  in  the  Proceedings  of  the  SPIE  I988 
Technical  Symposium  (item  7-^)  are  attached  to  this  report. 

Full  wave  expressions  for  the  co-polarized  and  cross-polarized  transmission 
scattering  coefficients  at  a  rough  interface  between  tvo  electromagnetic 
media  (£,y)  have  been  derived  for  arbitrary  incident  and  scatter  directions. 
Thus  the  incident  and  scatter  planes  are  not  necessarily  co-planar.  When 
the  mean  square  height  and  slopes  of  the  rough  surface  are  very  small 
2  2  2 

(k  <h  >  «  1,  .a  «  1)  the  expressions  have  been  shown  to  be  in  agreement 
o  s 

vith  the  corresponding  expressions  obtained  using  the  small  perturbation 
analysis.  These  transmission  scattering  coefficients  are  used  in  the 
three-dimensional  analysis  of  electromagnetic  scattering  by  irregular 
layered  media. 

During  the  reporting  period,  Mr.  Craig  Kerzinger  installed  a 
full  vave  computer  code  (in  the  CHDEC  supercomputer)  for  the’  evaluation 
of  the  elements  of  the  Stokes  matrix  for  electromagnetic  (including 
optical)  backscatter  from  rough  srrfaces.  Craig  vas  commended  by 
Dr.  Arthur  A.  Carrieri  for  the  softvare  development  and  the  graphical 
analysis  of  the  Full  Wave  light  scattering.,  models  (see  enclosxire). 


66 


7.  LIST  OF  MAMJSCRIPTS  SUBMITTED  OR  PUBLISHED  DURIUG  THIS  PERIOD,  IWCLUDING 

JOUPJWI,  REFERENCES: 

(7. la)  Papers  Presented  at  Technical  Meetings 

(i)  International  Working  Group  Meeting  on  "Wave  Propagation  in  Random 
Media,"  Tallin,  USSR,  September  19-21,  I988.  "Stokes  Parameters  for 
Propagation  Media  vitb  Random  Distributions  of  Irregular  Shaped  Particles." 

(ii)  International  Working  Group  Meeting  on  "W%ve  Propagation  in  Random  Media," 
Tallin,  USSR,  September  19-23,  1988,  "Scattering,  Depolarization  and 
Enhanced  Backscatter  from  Random  Rough  Surfaces." 

(7.18)  Papers  Accented  for  Presentation 

(i)  International  Union  of  Radio  Science  (URSi)  Meeting  at  the  University 
of  Colorado,  Boulder,  January  i^-7>  1988,  "Full  Wave  Co-Polarized 
Wonspecular  Transmission  and  Reflection  Scattering  Matrix  Elements 
for  Rough  Surfaces. 

(7.2)  Papers  Submitted  for  Reviev  by  Journsil  Editors 

(i)  Nonspecular  Scattering  by  Irregular  Layered  Media — ;Full  Wave  Approach. 

(7.3)  Papers  Accented  for  Publication 

(i)  "Bistatic  Incoherent  Scattering  Cross  Sections  for  Two-Dimensional  Random 
Rough  Siirfaces  of  Finite  Conductivity,"  with  M.A.  Fitzwater,  Journal  of 
Wave  Material  Interaction. 

(ii)  "FiuLL  Wave  Physical  Models  of  Nonspeciilar  Scattering  in  Irregular 

Stratified  Media,"  with  M.A.  Fitzwater,  IEEE  Transactions  on  Antennas 
and  Propagation,  in  press. 

(7.^)  Papers  Published  in  the  Technical  Literature  and  Submitted  with  This  Report 

(i)  "Scattering  and  Depolarization  by  Two-Dimensional  Random  Rough  Surfaces  of 
Finite  Conductivity  -  Theory  and  Experiment,"  with  M.A.  Fitzwater, 
Proceedings  of  the  SPIE  1988  Technical  Symposium  on  Optics,  Electro-Optics, 
and  Sensors,  927-17. 

(ii)  "Bistatic  Incoherent  Scattering  Cross  Sections  for  Two-Dimensional  Random 
Rough  Surfaces  of  Finite  Conductivity,"  with  M.A.  Fitzwater ,  jIcQjmal 
of  Wave  Material  International.  Vol.  3,  No.  2.  pp.  173-187,  April  I988. 


67 


